The epithelial-to-mesenchymal transition (EMT) is known to have a role in appropriate embryonic development, the physiological response to injury and pathological events such as organ fibrosis and cancer progression. Glucocorticoid (GC), one of the most commonly used anti-inflammatory drugs, inhibits the deposition of extracellular matrix independent of its anti-inflammatory effect. The EMT of human peritoneal mesothelial cells (HPMCs) is a key mechanism of peritoneal fibrosis; however, it has not yet been investigated whether GC imposes any effect on the EMT of HPMCs. To investigate the therapeutic potential of GC on preserving peritoneal membrane function, we studied the effect of dexamethasone (DEXA), a synthetic GC, on the transforming growth factor-b1 (TGF-b1)-induced EMT in HPMCs. As assessed by changes in cell morphology, the expression of epithelial and mesenchymal cell markers (such as E-cadherin, ZO-1 and a-SMA, a-smooth muscle actin) and cell migration, DEXA inhibited the TGF-b1-induced EMT. RU486, a glucocorticoid receptor (GR) antagonist, blocked the effect of DEXA on the TGF-b1-induced EMT. Importantly, DEXA also induced the mesenchymal-to-epithelial transition of TGF-b1-stimulated HPMCs. The beneficial effect of DEXA on the TGF-b1-induced EMT was mediated through the amelioration of ERK and p38 mitogen-activated protein kinase (MAPK) phosphorylation; however, this effect was not related to the TGF-b1-induced activation of Smad2/3 signaling. DEXA inhibited glycogen synthase kinase-3b (GSK-3b) phosphorylation and the Snail upregulation induced by TGF-b1, which were also ameliorated by inhibitors of MAPK. In conclusion, this is the first study demonstrating the protective effect of DEXA on the EMT in TGF-b1-stimulated HPMCs by inhibiting MAPK activation, GSK-3b phosphorylation and Snail upregulation.
The functional and structural deterioration of the peritoneal membrane during peritoneal dialysis (PD) are known to be associated with the phenotypic transition of peritoneal cells. 1, 2 The epithelial-to-mesenchymal transition (EMT) of human peritoneal mesothelial cells (HPMCs) is one of the representative processes of a phenotypic transition, which is characterized by changes in cell morphology, a disruption of tight junctions and a loss of cell polarity with the acquisition of a migratory and invasive phenotype. Cells that have undergone the EMT also acquire the capacity to produce extracellular matrix and a wide spectrum of inflammatory, fibrogenic and angiogenic factors. During the transdifferentiation of epithelial cells, there is a decrease in the expression of a number of epithelial marker proteins including E-cadherin, zonula occludens-1 (ZO-1) and cytokeratin, whereas there is an increase in the synthesis of cytoskeletal proteins such as a-SMA, fibronectin and FSP-1. 3, 4 Because the EMT of HPMCs is regarded as one of the earliest phenomena of peritoneal dysfunction, 1, 5 the molecular mechanisms of the EMT and its regulation are of interest as a potential therapeutic target to ameliorate peritoneal fibrosis. Several studies have demonstrated the beneficial effect of antifibrotic cytokines, 6 immunosuppressants 7 and low-glucose degradation product dialysates 8 on peritoneal function and morphology by an amelioration of the EMT of HPMCs.
Glucocorticoids (GCs) are a class of steroid hormones that are known to act through the glucocorticoid receptor (GR), a member of the nuclear receptor superfamily. 9, 10 Synthetic GCs are widely used as anti-inflammatory drugs to treat inflammatory disorders, autoimmune diseases and glomerulonephritis. Treatment with dexamethasone (DEXA), a synthetic GC, has been shown to block the production of the extracellular matrix, laminin and fibronectin of epithelial cells; 11 however, it has also been reported that DEXA promotes renal fibrosis and enhanced plasminogen activator inhibitor-1 (PAI-1) production in renal tubular cells. 12 The inconsistent effects of GCs on the EMT and organ fibrosis suggest the possibility of differential GC effects in different cells and organs; however, there has been no report as to whether GCs have any role in the peritoneal EMT.
Recently, the downregulation of E-cadherin in epithelial cells was demonstrated to be the key step in initiating phenotype transition and not just a marker of the EMT. 13 Snail is a major transcriptional repressor of E-cadherin, which is known to be regulated by glycogen synthase kinase-3b (GSK3b). 14 There have been no reports as to whether GC imposes any effect on Snail and GSK-3b activation in HPMCs.
In this study, we investigated the effect of DEXA on the EMT of HPMCs by TGF-b1, one of the most potent profibrotic cytokines with an elucidation of the signaling mechanism responsible for the effect of TGF-b1 and DEXA on the EMT. We also examined whether DEXA imposed any effect on the mesenchymal-to-epithelial transition (MET) of HPMCs and the phenotypic transition of human peritoneal fibroblasts (HPFB). Our studies demonstrate that DEXA ameliorates the EMT and induces the MET by the differential regulation of the TGF-b1-induced activation of mitogenactivated protein kinase (MAPK) and Smad2/3 signaling. DEXA also reversed the TGF-b1-induced upregulation of Snail via the inactivation of Erk and p38 MAPK with the activation of GSK-3b, which resulted in a stabilization of E-cadherin in the HPMCs.
MATERIALS AND METHODS Reagents
Unless otherwise stated, all chemicals and tissue culture plates were obtained from Sigma-Aldrich (St Louis, MO, USA) and Nunc Labware (Waltham, MA, USA).
Isolation and Maintenance of the HPMCs and HPFBs
The HPMCs were isolated using a previously published method. 6 Briefly, a piece of human omentum was obtained from consenting patients undergoing elective abdominal surgery, washed in Hank's balanced salt solution and incubated in a 0.05% trypsin-0.02% EDTA solution for 20 min at 37 1C with continuous agitation. After the incubation period, the suspension was centrifuged at 500 Â g for 5 min at 4 1C, and the cells were cultured in medium 199 supplemented with 10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin and 26 mmol/l NaHCO 3 . Half of the medium was exchanged 48 h after the seeding, and the entire medium was replaced once every 4 days. For the isolation of HPFBs, the remaining tissue after an isolation of HPMCs was transferred to fresh trypsin/EDTA solution and processed further until a homogenous population of HPFBs was obtained. 15 The HPMCs and HPFBs were identified using phase contrast microscopy according to morphological criteria and using an immunofluorescence technique. 6 All experiments were performed using cells between the second and fourth passages. The tissue collection was approved by the ethics committee of the Ewha Medical Center (ECT 164-7) and informed consent was obtained from each patient.
Cell Proliferation and the Cytotoxicity Assay
For measuring the proliferation of the HPMCs, the MTS uptake assay was used. The cells were grown in a 96-well plate and treated with DEXA (from 0.1 mM to 1 mM) for 48 h. After the addition of 20 ml of the MTS reagent and an incubation period of 4 h in a 5% CO 2 atmosphere at 37 1C, the proliferation of the HPMCs was assessed by reading the absorbance at 490 nm on a 96-well plate reader (Dynex Revelation, Dynex , Billingshurst, UK). The cytotoxicity of DEXA to the HPMCs was determined by measuring the amount of lactate dehydrogenase (LDH) released into the medium after a 48-h treatment using the LDH cytotoxicity detection kit (Roche, Mannheim, Germany). Each series of data were determined in triplicate.
Cell Migration Assay
Changes in cell migration were assessed using a transwell migration assay in a Boyden chamber with 8 mm pore polyvinylpyrrolidone-free polycarbonate membranes (Neuro Probe, Gaithersburg, MD, USA). 16 The filters were immersed overnight in 130 mg/ml matrigel (10 mg/ml; Becton Dickenson, Franklin Lakes, NJ, USA) in PBS at 4 1C. The HPMCs were seeded onto the top of the transwell filter with the addition of DEXA (10 mM) to the lower chamber under serum-free conditions. After 48 h of incubation with TGF-b, the filters were fixed with 4% paraformaldehyde and stained with 1% crystal violet in PBS. The upper surface of the filter was carefully wiped with a cotton-tipped applicator. Cells that passed through the filter pores and attached to the undersurface of the filter were counted at high-power ( Â 200). Each sample was assayed in triplicate in four separate experiments.
Cell Morphology and the Immunofluorescence Analyses of the HPMCs Cell morphology was analyzed using an inverted phase contrast microscope (Axiovert 200; Carl Zeiss, Oberkochen,
Germany), and the images were obtained using a digital camera (AxioCam HRC; Carl Zeiss). For immunofluorescence staining, the cells were washed and fixed in 4% phosphate-buffered paraformaldehyde for 25 min at 20 1C and permeabilized with 1% Triton X 100 in PBS for 15 min at 4 1C. After washing with PBS, the cells were treated with 5% BSA in PBS for 1 h before being incubating with primary antibodies specific for ZO-1 (Invitrogen, Calsbad, CA, USA) or a-SMA (Santa Cruz Biotechnology, Santa Cruz, CA, USA) in 5% BSA overnight at 4 1C. The cells were then washed with 0.2% Tween 20 in PBS before being incubating with a goat anti-mouse IgG-FITC-conjugated secondary antibody (Santa Cruz Biotechnology) for 1 h at room temperature in the dark. The nuclei were counterstained with DAPI, and the cells were visualized using an Axiovert 200 fluorescence microscope with 10 Â 10 and 20 Â 10 NA objectives. Digital photographs were obtained using Axiovision 4.3 (Carl Zeiss), and merged images were obtained using Photoshop 7.0 (Adobe Systems, Toronto, ON, Canada).
Western Blotting
After isolating protein from the cell lysates (30 mg), the samples were mixed in a reducing buffer, boiled, resolved on 10% SDS-PAGE gels, and transferred to a polyvinylidene difluoride membrane (Millipore, Bedford, MA, USA) by electroblotting. The membranes were blocked in 5% (wt/vol) nonfat milk powder in Tris-buffered saline supplemented with Tween 20 for 30 min at room temperature. The blots were then incubated in blocking solution with primary antibodies overnight at 4 1C. Mouse monoclonal human E-cadherin (BD Bioscience, Bedford, MA, USA), mouse monoclonal human a-SMA, mouse polyclonal human b-actin (Santa Cruz Biotechnology), goat polyclonal human fibroblast CD34 (Santa Cruz Biotechnology) and goat polyclonal human vimentin (Santa Cruz Biotechnology) were used as the primary antibodies. ERK1/2, p38 MAPK, Smad 2/ 3 and GSK-3b phosphorylation in the HPMCs treated with TGF-b and/or DEXA were assessed by western blot analysis using primary antibodies for ERK1/2 (Santa Cruz Biotechnology), phospho-ERK (Santa Cruz Biotechnology), p38 (Santa Cruz Biotechnology), phospho-p38 (Santa Cruz Biotechnology), phospho-Smad2 (Cell Signaling, Danvers, USA), phospho-Smad3 (Cell Signaling), Smad2/3 (Santa Cruz Biotechnology), GSK-3b (Cell Signaling) and phospho-GSK-3b (Cell Signaling). Snail (Cell Signaling), a key transcriptional repressor of E-cadherin, was also evaluated in the HPMCs. After washing the blots with Tris-buffered saline supplemented with Tween 20, the blots were incubated with horseradish peroxidase-conjugated secondary antibodies corresponding to each primary antibody and enhanced using chemiluminescence detection (Santa Cruz Biotechnology). Positive immunoreactive bands were quantified using densitometry and compared with the expression of human bactin (Santa Cruz Biotechnology).
Extraction of Total RNA and Real-Time PCR After each experiment, total cellular RNA was extracted using TRIzol, and contaminating DNA was removed using RNAase-free DNase. The DNA-free RNA was reverse-transcribed into cDNA using the Superscript First Strand Synthesis system (Life Technologies BRL, Carlsbad, CA, USA). Real-time PCR was performed on the ABI PRISM 7700 Sequence Detection system using SYBR Green I as a double-stranded DNA-specific dye according to the manufacturer's instructions (Applied Biosystems, Foster City, CA, USA). The PCR reaction was performed with 5 ml of cDNA, 10 ml of SYBR Green PCR master mix, and 5 pM of sense and antisense primers (a final volume of 20 ml per reaction). The primer concentrations were determined using preliminary experiments that analyzed the optimal concentrations of each primer. All primers used in the real-time PCR were designed using the Primer Express 2.0 software (Applied Biosystems) and checked for homology using BLAST (Supplementary Table 1 The relative mRNA expression levels of the target genes in each sample were calculated using the comparative CT method. The CT value is the cycle number at which the fluorescence signal is greater than a defined threshold. At least three independent PCR procedures were performed to allow for statistical analyses. The amount of PCR products was normalized with the housekeeping gene b-actin to determine the relative expression ratios for each mRNA in relation to the control group.
Effect of RU486, PD98059 and SB203589
To examine whether the effects of DEXA on the TGF-b1-induced EMT in the HPMCs were GR-mediated, we used a GR antagonist, RU486 (2 mM). The ERK and p38 MAPK blockers, PD98059 (10 mM) and SB203589 (10 mM), respectively, were also used in experiments to investigate the role of MAPK on the effect of DEXA on the EMT and GSK-3b activation.
siRNA Transfections
To determine the contribution of Smad2 and Smad3 to the effect of DEXA on the TGF-b-induced EMT of the HPMCs, we treated the HPMCs with human Smad2 and Smad3 siRNAs obtained from Thermo Scientific (San Diego, CA, USA). The following siRNAs were used: for Smad2, ON-TARGETEffects of dexamethasone on TGF-b1-induced EMT Yang-Hee Jang et al plus SMARTpool human Smad2 (4087) and for Smad3, ONTARGETplus SMARTpool human Smad3 (4088). The scrambled siRNA control is a nontargeting siRNA pool from Thermo Scientific. For the transfection of the siRNAs, the HPMCs were seeded into six-well plates for 24 h at B80% confluence. The transfections were then performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol.
Statistical Analyses
All data are presented as the means ± s.d. Differences in the various parameters between groups were evaluated using a two-way ANOVA followed by a correction for multiple comparisons. The results were considered significant if the P values were r0.05.
RESULTS

DEXA Ameliorates the TGF-b1-induced EMT of the HPMCs
To determine the proper concentration of DEXA for the in vitro experiment, we analyzed the effects of DEXA (0.1 mM-1 mM) on cell proliferation and cytotoxicity. There was a concentration-dependent inhibition of cell proliferation with Z100 mM DEXA after 48 h of stimulation. There was no significant cytotoxicity observed in DEXA-stimulated cells with a concentration up to 10 mM (Figure 1a and b) .
TGF-b1 (1 ng/ml) induced the EMT, as indicated by changes in cell morphology (Figures 2a and 3 ) and the altered expression of the epithelial markers E-cadherin and ZO-1 and the mesenchymal marker a-SMA (Figures 2b and 3) . DEXA (10 mM) ameliorated the morphological transition (Figures 2a and 3 ) and restored the expression of E-cadherin Effect of DEXA on cell morphology (a) and the expression of E-cadherin and a-SMA (b) in TGF-b1-stimulated HPMC. Phase contrast microscopy reveals elongated, fibroblast-like cells after TGF-b1 (1 ng/ml) stimulation for 48 h, compared with a cuboidal cobble stone appearance for the control HPMCs. DEXA (10 mM) ameliorates the morphologic changes of TGF-b1-stimulated HPMCs (a, Magnification, Â 100). Representative western blotting with quantitative analyses demonstrating a decrease in the expression of the epithelial cell marker E-cadherin with the acquisition of a-SMA in TGF-b1-stimulated HPMCs, which was alleviated by DEXA treatment (n ¼ 5). C, control; T, TGF-b1; D, DEXA. *Po0.05 vs others, # Po0.05 vs TGF-b1.
Effects of dexamethasone on TGF-b1-induced EMT Yang-Hee Jang et al and ZO-1 in the TGF-b1-stimulated HPMCs. DEXA also inhibited the TGF-b1-induced acquisition of a-SMA expression (Figures 2b and 3) . The real-time PCR analyses verified the similar results obtained with western blotting and the immunofluorescein staining. TGF-b1 downregulated the expression of the E-cadherin gene and induced the de novo expression of the a-SMA and fibronectin genes (Figure 4 ), which were inhibited by DEXA treatment (Figure 4) . (Figure 5b) . A significant increase (twofold) in cell motility was assessed using the transwell migration of TGF-b1-stimulated HPMCs, which almost returned to the control level after the DEXA treatment. The inhibiting effect of DEXA on the TGF-b1-induced migration of the HPMCs was blocked by a pretreatment with RU486.
DEXA Ameliorates TGF-b1-Induced Snail Expression TGF-b1 upregulated Snail expression in the HPMCs, which was ameliorated by DEXA. RU486 blocked the effect of DEXA on TGF-b1-induced Snail (Figure 5c ).
DEXA Reverses the EMT or induces the MET in TGF-b1-Stimulated HPMCs
Interestingly, the EMT of the HPMCs that was induced by TGF-b1 stimulation for 48 h was partially reversed by the removal of TGF-b1 (Figure 6a and b) . The addition of DEXA coupled with the removal of TGF-b1 further restored the cell morphology with a partial reversal of the altered expression levels of E-cadherin and a-SMA (Figure 6a and b) , suggesting DEXA actually induces the MET of TGF-b1-stimulated HPMCs. RU486 abolished the effect of DEXA on the MET (Figure 6 ). ERK1/2 and p38 MAPK Activation is Responsible for the Effect of DEXA on the TGF-b1-Induced EMT To further understand the mechanisms responsible for the TGF-b1-induced EMT in the HPMCs, we investigated the activation of the ERK1/2 and p38 MAPK signaling pathway by TGF-b1 and/or DEXA. TGF-b1 activated ERK1/2 and p38 MAPK in the HPMCs after 5 min with a secondary peak at 24 h (Supplementary Figure 1) . Both an ERK1/2 inhibitor Figure 4 Effect of DEXA on the mRNA expression of E-cadherin, a-SMA and fibronectin using real-time PCR. TGF-b1 treatment for 24 h increases the mRNA expression levels of a-SMA and fibronectin, whereas reduces the level of E-cadherin mRNA expression, which are alleviated by DEXA (10 mM) (n ¼ 5). C, control; T, TGF-b1; D, DEXA. *Po0.05 vs others. 
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Yang-Hee Jang et al (PD98059) and a p38 inhibitor (SB203589) blocked the TGFb1-induced EMT (Figure 7) . DEXA inhibited the phosphorylation of ERK and p38 MAPKs by TGF-b1 stimulation ( Figure 8 ). This finding suggests that the beneficial effect of DEXA on the EMT of the HPMCs might be mediated by an inhibition of the ERK and p38 MAPK activation induced by TGF-b1.
The Effect of DEXA on the TGF-b1-Induced EMT is Independent of Smad 2/3 Activation Smad2/3 signaling is known to be responsible for the TGFb1-induced EMT. 17, 18 The siRNA-mediated knockdown of Smad2/3 resulted in the restoration of the cellular phenotype of the HPMCs exposed to TGF-b1 ( Figure 9 ). However, DEXA did not alter TGF-b1-induced Smad2/3 phosphor- Effects of dexamethasone on TGF-b1-induced EMT Yang-Hee Jang et al ylation (Figure 10) , suggesting that the effect of DEXA on the TGF-b1-induced EMT was not mediated by the Smad 2/3 pathway.
DEXA Inhibits the TGF-b1-Induced Phosphorylation of GSK-3b and Snail Upregulation TGF-b1 induced the phosphorylation of GSK-3b after 3 h and enhanced the expression of Snail from 6 to 24 h (Supplementary Figure 2) . DEXA ameliorated TGF-b1-induced GSK-3b phosphorylation and Snail upregulation, which were blocked by RU486 (Figure 10 ).
MAPK Inhibition Blocks GSK-3b Phosphorylation and Snail Upregulation
The ERK and p38 MAPK inhibitors, PD98059 and SB 203580, respectively, blocked the changes in GSK-3b phosphorylation and Snail expression in the HPMCs exposed to TGF-b1 (Figure 11) , suggesting that the activation of MAPK preceded the phosphorylation of GSK-3b.
DEXA does not Induce a Phenotype Transition in HPFBs
Although DEXA induced the MET of TGF-b1-stimulated HPMCs, it did not alter the phenotype of the HPFBs, as assessed by morphology and the expression of mesothelial cell (E-cadherin), myofibroblast (a-SMA) and fibroblast (CD34 and vimentin) markers ( Figure 12 ).
DISCUSSION
Continuous exposure to bioincompatible dialysis fluids result in peritoneal fibrosis and ultimately technical failure in PD patients. 1, 5, 19 Despite several strategies to inhibit peritoneal fibrosis, including the use of antioxidants, antifibrotic cytokines, immunosuppressant or blockers of the reninangiotensin system, 6-8 most of these treatments have been found to be associated with only partial protection and a limited clinical applicability. Recent studies suggest that HPMCs undergo a phenotype transition, the EMT during the PD, which is associated with peritoneal dysfunction. 5, 20 Because the EMT is believed to be reversible and one of the earliest phenomena during the development of peritoneal fibrosis, EMT might be a potential therapeutic target for preserving peritoneal membrane function. 2, 21 In this study, we investigated the effect of DEXA on the EMT of HPMCs induced by TGF-b1, a key cytokine that has a major role in the peritoneal EMT and fibrosis. Our results indicate that DEXA inhibits the EMT of HPMCs and further induces the MET of mesothelial cells during the phenotypic transition. The beneficial effects of DEXA were mediated by an inhibition of the ERK and p38 MAPK activation induced by TGF-b1; however, the major pathway of TGF-b1 signaling, Smad 2/3, was not affected by DEXA. We have also demonstrated that DEXA ameliorates the TGF-b1-induced upregulation of Snail, a major transcriptional repressor of E-cadherin, via the inhibition of GSK-3b phosphorylation.
The anti-inflammatory and immunosuppressive effects of GC are primarily mediated by the cytosolic GR, which translocates to the nucleus to regulate GC response genes. 22, 23 GCs have also been demonstrated to inhibit the expression of extracellular matrix proteins, collagen and tissue inhibitors of metalloproteinases 24 and to block EMT of lung epithelial cells. 25 Our study also demonstrates that DEXA prevents the morphologic transition and enhanced migration of HPMCs induced by TGF-b1, which are two characteristics of EMT. The effect of DEXA was blocked by RU486, an antagonist of the GC receptor, suggesting that DEXA ameliorates the TGF-b1-induced EMT via the GC receptor.
The most important finding of this study is that DEXA not only inhibits the TGF-b1-induced EMT but also induces the MET of TGF-b1-stimulated HPMCs. DEXA improved the morphology of mesothelial cells exposed to TGF-b1 from Figure 11 Effect of DEXA on GSK-3b phosphorylation and Snail expression. TGF-b1 induces GSK-3b phosphorylation (a, 3 h) and Snail upregulation (b, 6 h). DEXA ameliorates the changes in GSK-3b and Snail in TGF-b1-stimulated cells, which is blocked by RU486. Both PD98059 and SB203580 also block the TGF-b1-induced alterations of GSK-3b and Snail expression (n ¼ 5). A representative western blot and quantitation at 1 h are shown (n ¼ 6). C, control; T, TGF-b1; D, DEXA; R, RU486; P, PD98059; S, SB203580. *Po0.05 vs others.
Effects of dexamethasone on TGF-b1-induced EMT Yang-Hee Jang et al spindle-shaped fibroblastoid cells to a cobble stone appearance with a restoration of cell phenotype, as assessed by the expression of epithelial and mesenchymal cell markers both at the mRNA and protein levels. These observations are consistent with previous reports demonstrating the beneficial effects of steroids on postsurgical adhesion and in encapsulating peritoneal sclerosis in patients on PD, which might be mediated by the inhibition of the inflammatory reaction and ROS production in the peritoneum. [26] [27] [28] Our data lead us to propose an additional mechanism, an inhibition of the EMT and an accumulation of extracellular matrix by GCs with the potential of a restoration of cell phenotype, which would further prevent peritoneal fibrosis and accelerate healing.
TGF-b is one of the most potent inducers of the EMT and deposition of extracellular matrix in different cell lines and animal models via an activation of complex pathways including Smads, MAPK and phosphatidylinositol 3-kinase (PI3K) pathways. 29 TGF-b is also a master molecule in the development of peritoneal fibrosis, which is demonstrated by the worsening of peritoneal function with structural damage in animals after the gene transfer of TGF-b to the rat peritoneum. [30] [31] [32] The initiation of TGF-b signaling is launched upon the binding of TGF-b to its cognate receptors, type I (TGFBR1) and type II (TGFRB2). This binding allows for the association and phosphorylation of receptor Smads (R-Smads), Smad2 and Smad3. Activated R-Smads then heteromerize with cytoplasmic Smad4 and, in complex, they shuttle to the nucleus to regulate gene expression. 32 Although the majority of TGF-b target genes are controlled through Smad 2/3-dependent transcriptional regulation, TGF-b can also signal through Smadindependent pathways by activating ERK1/2, p38, c-Jun N-terminal kinase JNK and AKT. 32, 33 In particular, ERK and p38 MAPK have been demonstrated to mediate Smadindependent TGF-b responses in lung epithelial cells. 34 There have been several studies demonstrating the interaction of signaling pathways between TGF-b and GCs Effects of dexamethasone on TGF-b1-induced EMT Yang-Hee Jang et al at either the transcriptional level or by protein-protein interaction. In hepatic stellate cells, GCs reduce the bioavailability of TGF-b by transcriptional downregulation at early time points and later on by reducing TGF-b secretion. 35 DEXA also inhibits TGF-b-induced collagen II mRNA expression through ERK-integrated AP-1 activity in rat chondrocytes. 36 Our study has revealed that DEXA blocks the phosphorylation of ERK and the p38 MAPK pathway in TGF-b1-stimulated HPMCs but not the Smad2/3 pathway, suggesting the effect of DEXA on EMT via non-Smad signaling pathway in HPMCs. The mechanism by which DEXA inhibits MAPK phosphorylation appears to be mediated by a nongenomic pathway, which usually occurs within minutes or even seconds after drug administration. 37 The mechanism of these nongenomic GC effects, which differs from the classical genomic model of steroid action,
has not yet been fully characterized. The inhibition of MAPK using GC at early time points has already been demonstrated in several in vitro studies. 38, 39 The effect of DEXA on MAPK phosphorylation is abolished by RU486; however, the effect was resistant to actinomycin D, indicating a GR-dependent and transcription-independent action of DEXA. 40 E-cadherin downregulation has been regarded as a marker of EMT; however, it is actually a key initial step in the transdifferentiation of epithelial cells to a mesenchymal phenotype. 41, 42 E-cadherin expression is a hallmark of a fully differentiated epithelium. E-cadherin functions to maintain cell-cell junctions and, thereby, inhibits aberrant cell proliferation and migration. Indeed, the loss of E-cadherin function via siRNA-mediated knockdown results in the loss of cell contacts and cell scattering along with the acquisition of an elongated, fibroblastic morphology in mammary epithelial cells. 42 This finding suggests that a loss of E-cadherin is not just one of the manifestations of the EMT program but that E-cadherin itself acts as a pleiotropic regulator of the cell's phenotype, enabling it to function as a master regulator of cell behavior. In this study, MAPK activation was the earliest phenomenon in the TGF-b1-induced EMT of the HPMCs, which stimulated GSK-3b phosphorylation and the inhibition of Snail degradation, E-cadherin downregulation and the EMT. GSK3-b is a master regulator of cell adhesion stability via the degradation of the Snail family of transcriptional repressors (Snail and Slug) of E-cadherin. 14 Interestingly, TGF-b1-induced GSK3-b phosphorylation was inhibited by both DEXA and MAPK inhibitors, indicating that MAPK activation precedes via GSK3-b phosphorylation in TGF-b-stimulated HPMCs ( Figure 13 ). The signaling pathways responsible for Smad2/3-mediated E-cadherin downregulation were not investigated in this study as DEXA did not affect Smad2/3 signaling in HPMCs.
A limitation of this study is the in vitro character of the data and that there is no validation of the effect of DEXA using an animal model of PD. General caveats of an in vitro experiment such as the elimination of interactions among different cell types and hemodynamic influences should be considered in interpreting the results. Nonetheless, mesothelial cells are a major population of peritoneal cells and are known to have a key role in the development of peritoneal fibrosis. 1,2 Therefore, we still need to understand the isolated effects of DEXA on mesothelial cells which are demonstrated in this study.
Although the beneficial effect of DEXA on the EMT and a therapeutic potential for organ fibrosis were demonstrated by this study, the long-term use of GCs at a significant dose is known to promote fibrosis, especially in the kidney. 12, 43 DEXA increases the expression of connective tissue growth factor, a strong enhancer of renal fibrosis, and PAI-1 expression in human proximal renal tubular cells. 43 These findings suggest that GCs, which act as anti-inflammatory or antifibrotic agents, can operate as profibrotic factors in a dose-and time-dependent manner. Further studies will be necessary to define the role of GC during the EMT and in peritoneal fibrosis in terms of the dose and duration of treatment.
In conclusion, this study demonstrates that DEXA protects mesothelial cells from phenotypic transition and further induces the MET of mesothelial cells during their phenotypic transition. The beneficial effect of DEXA on the peritoneal EMT is mediated through the dephosphorylation of ERK and p38 MAPK and is associated with Figure 13 Proposed pathway for the effect of DEXA on the TGF-b1-induced EMT in HPMCs. TGF-b1 leads to the EMT via the MAPK and Smad2/3-dependent pathways. MAPK phosphorylation induces the inactivation of GSK-3b by phosphorylation, which results in the inhibition of Snail degradation. Snail upregulation in TGF-b1-stimulated HPMCs induces the transcriptional repression of E-cadherin and the EMT. DEXA ameliorates the EMT by the inhibition of ERK/p38 MAPK phosphorylation via GR. The dephosphorylation of MAPK and GSK-3b by DEXA restores the normal degradation of Snail, which ameliorates E-cadherin downregulation by TGF-b1. DEXA did not affect TGF-b1-induced Smad2/3 phosphorylation in the HPMCs.
Effects of dexamethasone on TGF-b1-induced EMT Yang-Hee Jang et al the activation of GSK-3b and Snail repression in TGF-b1-stimulated HPMCs. This is the first study addressing the role of GC on the TGF-b1-induced EMT and MET of HPMCs with an elucidation of potential mechanisms by which GC regulates the EMT through different signal transduction pathways.
